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Abstract 
 The Cal Poly Spacecraft Attitude Dynamics Simulator mimics the rotation dynamics of a 
spacecraft in orbit and acts as a test bed for spacecraft attitude control system development and 
demonstration. Prior to this project, the simulator measured its attitude dynamics from a total of 
seven sensors mounted on to the platform, including three micro-electromechanical system 
(MEMs) gyroscopes, and four motor encoders. This project entails the installation of an LN-200 
high performance gyroscope, which will provide a greater measure of accuracy. The goal of this 
project is to design a power circuit that will integrate the LN-200 inertial measurement unit onto 
the current system, and as well as the installation onto the platform of the simulator. Previous 
design of the IMU power circuit used linear regulators to control the output power, but a design 
with switching regulators will increase efficiency and control. 
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I. Introduction 
 Spacecraft simulators have ultimately been used by engineers to minimize the 
extraordinary costs and risks in spacecraft design, development, and launch. Challenges in 
design arise when the environmental changes in which the spacecraft is developed differ from its 
deployment. Variable options like on-orbit testing are often not cost effective and numerical 
control system modeling may not suffice for high risk and high performance space systems.  
Spacecraft attitude dynamics simulators provide the means for engineers to test control systems 
prior to the implementation onboard a spacecraft. [2] 
 The Cal Poly Spacecraft Attitude Dynamic Simulator (SADS), also known as the 
Pyramidal Reaction Wheel Platform (PRWP), is a system specifically designed to simulate 
dynamics of spacecrafts such as that of a satellite in space. This project that began 2002, was 
designed and constructed by Cal Poly students to simulate torque-free motion of a spacecraft in 
orbit. 
 The simulator has evolved over the years as students improved and added on to the 
functionality.  The simulator has become essentially an aluminum platform that sits upon a 
spherical air bearing supported by a steel post. A zero-gravity environment of space is imitated 
by the simulator with the use of compressed air routed to the air bearing. When the compressed 
air is activated, the simulators rotates about the bearing, free of all mechanical frictions. The 
platform itself has a reaction wheel pyramid (PRWP) with four wheels that are capable of adding 
momentum to the system. These four wheels, also known as reaction wheels, are flywheels that 
spin at such a fast rate (~1000s of RPMs) that it changes the simulator's angular momentum to 
internally generate torque.  The simulator communicates to a desktop computer wirelessly via its 
own on-board computer system, and allows a user to command the simulator from the desktop 
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computer. All attitude-control tests are run on the desktop computer using a combination of 
MATLAB and Simulink. The PRWP is currently powered by two 12V lead-acid batteries and 
two 16.8V Ni-MH batteries, which are also routed to power a sensor interface stack. The sensor 
interface is used for signal routing from the computer to the reaction wheels, controlling the 
speed and direction of the reaction wheels via a composition of pulse width modulation, 
frequency to voltage conversion, direction, and power regulation circuits.  
 The purpose of this project is to integrate the LN-200 Inertial Measurement Unit with the 
SADS, allowing the platform to function as a reaction-wheel controlled spacecraft, enabling 
control system design and test. In order for the simulator to be controlled like a real spacecraft, it 
needs to have an accurate reading of its current altitude. "This can be accomplished in a number 
of ways – absolute position can be determined using a reference system such as a star tracker, 
angular velocities can be measured and integrated from an initial position to determine current 
attitude, or accelerations can be measured and integrated twice from an initial position and 
velocity" [1]. Although, star-trackers are very accurate, they are slow and cannot provide 
measurements quick enough to drive control systems, and hence, most spacecraft systems fall 
back to an inertial measurement unit to keep track. Full integration of the LN-200 onto the SADS 
will provide a crucial sensor component in its control loop enabling more precise measurements, 
providing the current angular velocities and relative position. 
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II. Background 
 The LN-200 inertial measurement unit was developed by Litton Industries and was 
donated to Cal Poly by Northrop Grumman. There are many approaches to the installation and 
integration of an inertial measurement unit onto the Cal Poly Spacecraft Attitude Dynamics 
Simulator. One approach that a previous student, Phil Iverson, developed, was a system that took 
the data the IMU was sending and along with a set of programs, processed and displayed the 
output onto a desktop computer. With a cable fabricated by Northrop Grumman, he  
" [...] connected to a Fastcomm ESCC-PCI card on a computer running Windows XP to read data 
messages and display the current angular velocity and position data in Simulink [...]" [1] While 
this was adequate for the simulator, he supplied power to the LN-200 using external wires, which 
is something that had to change in order to maintain the torque-free environment. Another 
student, Rollins, designed as shown in Figure 2-1, make use of linear regulators and 
electromechanical switches [1].While this may be a workable circuit, it is definitely not efficient 
in power and will take up a sizeable amount of space and a generation of heat. A solution to this 
problem is the use of power electronics. 
 
Figure 2-1: LN-200 Safety Circuit Diagram 
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 "Power electronics is the processing and controlling of the flow of electric energy by 
implementing solid state switches to meet requirements set by the user in the most efficient 
manner" [4]. The output can be in terms of desired voltage, current, or frequency, but in this case, 
it would need to meet the desired output voltage and current that is specified by the LN-200 IMU. 
With this in mind, the use of switching regulators would best fit to solve this situation, since one 
of the requirements of the IMU is that the delay of the output power in a specific order. A term 
called soft-switching which is essentially the use of an resonant circuit (inductor and capacitor 
either in series or parallel) that will allow or create a delay the switching of the converter. The 
use of dc-dc converters such as switching regulator can be designed and implemented using 
surface-mounted parts, which will become beneficial in saving space and weight onboard the 
simulator. And since it can be implemented using surface-mounted components and because of 
the nature of its high efficiency, heat sinks in general are not required. 
 There are currently two multidisciplinary teams working on the Cal Poly Spacecraft 
Attitude Dynamics Simulator (SADS). The team that is in charge of the maintenance and 
overhaul of the installation of the LN-200 IMU, include work on data acquisition and the IMU 
power circuit. This team consists of myself (an electrical engineer) and the two aerospace 
engineers, Tomoyuki Kato (project leader) and Long Dam; both who are under advising from Dr. 
Eric Mehiel. The other team that we are working in conjunction with is known as the Cal Poly 
Mircograv Team, who is under Dr. John Oliver. The purpose of their team is to work in 
conjunction with NASA,  whose overall goal is to retrofit (structurally) the SADS. The end goal 
is to bring a fully functional SADS onboard one of NASA's vomit comet aircraft in hopes to run 
simulations in the timeframe where the airplane experiences zero-gravity. The project is funded 
primarily by Northrop Grumman through Cal Poly’s Project-Based Learning Institute (PBLI). 
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III. Requirements 
 This project requires that we integrate the LN-200 into the SADS, which means that we 
need to integrate it into the current power system, along with the data acquisition portion. The 
LN-200 has very specific power requirements. The internal electronics require +5V DC to 
operate and the gyroscopes require +15V DC. Power must be supplied to the electronics first and 
removed from the electronics last, making the -15V DC a “last on, first off” source. Each power 
source must maintain a ±5% tolerance at all times. Failing to follow this sequence when applying 
voltages will seriously damage the LN-200, so designing an automatic power on system is very 
desirable. In order to eliminate all cabling to the simulator, power must be supplied with batteries. 
Ideally, the power on sequence would also be executable with software or with a physical switch 
(if any software were malfunctioning). Table 3-1 shows the power requirements of the IMU as 
specified by the manual supplied by Northrop Grumman. [5] There is no specified requirement 
of size of the IMU power circuit, other than it being able to fit onboard the simulator with the 
LN-200 IMU installed, but through observation, the power circuit should not be bigger than 2.5" 
x 6" area. Ideally, the circuit should be as small as possible, and a way to achieve this is the use 
of surface-mounted parts soldered onto an etched PCB board.  There also no specified 
requirement as to how long of a delay between the outputs. 
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Input Voltage 
(Vdc) 
Tolerance Ripple (mVpp) Start Current 
(mA) 
Steady State 
Current (mA) 
+15 ±5% 150 2400 1600 
+15 ±5% 300 150 150 
-15 ±5% 300 280 280 
 
Power Requirement 
External -5V DC 
Input Voltage V DC Tolerance % Ripple mVp-p Load Current 
   
Start mA Steady State mA 
+5 5 150 2400 1600 
-5 5 150 700 700 
+15 5 300 150 150 
-15 5 300 40 40 
 
Internal -5V DC 
Input Voltage V DC Tolerance % Ripple mVp-p Start mA Steady State mA 
+5 5 150 2400 1600 
+15 5 300 150 150 
-15 5 300 280 280 
 
Minimum Power Supply Capabilities and Inrush Current 
Voltage, V DC Power Supply Minimum Current, Amps LN-200 Capacitance, µF 
+5 2.5 200 
+15 0.3 16 
-15 0.35 21 
-5, IF USED 1.0 21 
Table 3-1: LN-200 Specified Power Requirements 
 
 
 
  
7 
 
IV. Design 
 The initial design of the power circuit for the IMU is based off of Kinnett's design of 
using a combination of different regulators to control the output voltage to the IMU circuit, and 
using relays to control the order of the sequence. The relays control the sequence, as shown in 
Figure 4-1, when the +32 V supply turns on, it triggers the relay that is connected to the -15 
regulator allowing both the +5 V and -15V to output at about the same time. And when the 
computer turns on, the signal from the DAQ triggers a voltage follower which will in turn 
activate the relay that is connected to the +15V output.  
 
Figure 4-1: Kinnett's Basic Design of the Power Circuit for the IMU 
The initial design used linear regulators, but they are flawed in that they generate a lot of heat 
and have very low power efficiency. Due to these flaws, I have opted to replace the linear 
regulators with a more efficient form of regulator. Two choices resulted in my search for the 
replacement, switching regulators or buck-boost converters. Switching regulators rapidly switch 
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the device in series on and off. The amount of charge that is transferred into the load is 
controlled by the duty cycle of the switch. The efficiency of the switching regulator comes from 
the series element being either fully conducting or switched off, allowing no dissipation of power. 
Unlike linear regulators, switching regulators are able to generate output voltages that are higher 
than the input, or of the opposite polarity. A downside of using a switching regulator over a 
linear regulator is that the switching regulator requires an external component, an inductor to 
store energy. Although both types of converters work for the desired regulation for the outputs, I 
chose to use switching regulators over buck-boost converters because they are much simpler and 
do not require an external PWM generator; which also means it would have a smaller design. 
This brings us to selecting an switching regulator IC chip. Searching through various 
manufactures such as Linear Technology, National Semiconductors, and Texas Instruments, I 
found various chipsets that fit our desired specifications. The major deciding factor in my 
selection of the chipset was the type of mounting/ soldering method used. The only chipset I was 
able to find was the LT1170/LT1172 which matched the required specifications for this project. 
Although this is a through-hole device, it was the only IC that I found that didn't require a 
complex or difficult package such as LGA (Land Grid Array) packages. 
Chip Vin Vout Iout Frequency Cost 
LT1170/1171/72 HV 3V - 60V 75 V 5A 100 kHz $9.17 
LT1170/1171/72 3V - 40V 65 V 5A 100 kHz $7.08 
Table 4-1: LT1170/1171/1172 Specifications 
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The LT1170/1171/1172 datasheet provided various configurations for use with the IC. The 
modification of the two circuits shown in Figure 4-2 and Figure 4-3, would produced the 
required voltage outputs for the IMU.  
 
Figure 4-2: LT1170 Schematic of Positive Buck Converter  
 
 
Figure 4-3: Schematic of Positive-to-Negative Buck-Boost Converter 
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Figure 4-4: LT1170 Block Diagram 
Given from Figure 4-4, we can see that the reference voltage is 1.24 volts. With the reference 
voltage, the regulated output for all three desired output can be easily changed using the equation: 
•   1.24     , 
where resistors R2 and R1 make up the resistor feedback network, connected from the output and 
to pin 2 of the controller. 
 In order to achieve +5 volts on the output: 
•   1.24      
5   1.24      , choosing = 3.74 kΩ 
  1.233 kΩ 
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In order to achieve +15 volts on the output: 
•   1.24      
15   1.24      , choosing = 3.74 kΩ 
  337 Ω 
In order to achieve -15 volts on the output: 
•   1.24      
15   1.24      , choosing = 10.7 kΩ 
  964 Ω 
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V. Development and Construction 
 The design of each switching regulator is based on the Linear Technology family chipset 
LT1170, LT1170 HV, and LT1172. The feedback loop essentially controls the output voltage 
through the voltage divider of R2 and R3. By varying the resistor R2, the output voltage may be 
changed. 
 Simulation was done for each of the regulators using the simulation software LTSpice. 
Simulations were first done using the initial R2 resistor value calculated as shown in section IV. 
With each simulation, the R2 resistor was modified to adjust for desired output voltage. One 
issue that came up for each of the regulators, was the transient response of the output voltage. 
The voltage went slightly pass the tolerance specification of the IMU, which was cause for 
concern. In response, increasing the value of the C2 capacitor of the Vc branch allowed the 
transient response to be delayed and therefore allow a decrease in the voltage spike.  
 Majority of the components for the construction of the each regulator were ordered via 
Mouser. The LT1170 chips came from Linear Technology and the proto-board components came 
from RadioShack. The construction of each regulator was done through careful placement and 
layout of the entire circuit before the soldering of the components. Since this is a proto-board, 
wires were used to rout connections. And leads were cut after initial testing and verification of a 
working circuit was done.   
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Figure 5-1: +5V Output Schematic of Positive Buck Converter 
 
Figure 5-2: +5V Output Prototype Design (Top View) 
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Figure 5-3: +5V Output Prototype Design (Bottom View) 
 
Figure 5-4: +15V Schematic of Positive Buck Converter 
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 Figure 5-5: +5V Output Prototype Design (Top View) 
 
Figure 5-6: +5V Output Prototype Design (BottomView) 
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Figure 5-7: -15V Schematic of Positive-to-Negative Buck-Boost Converter 
 
Figure 5-8: -15V Output Prototype Design (Top View) 
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Figure 5-9: -15V Output Prototype Design (Bottom View) 
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VI. Integration and Testing 
Integration 
Integration of the IMU power circuit is not yet feasible due to time restraints and continued 
maintenance of the SADS. Focused preparation for the NASA Vomit Comet Project, has placed 
priority on getting the SADS fully operational before launch. Therefore, any integration and 
testing of the IMU has been placed on hold.  
Testing 
Each of the switching regulators were tested with the use of an electronic load. Measurements 
were taken via 10% increments from 0% to 100% of the full load of each regulator. 
% Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) 
Efficiency 
(%) 
0 31.79 5.045 0 28.9 0.920 0 0 
10 31.79 4.96 0.24 74.9 2.385 1.1904 49.91195 
20 31.79 4.927 0.48 118.3 3.766 2.36496 62.79766 
30 31.79 4.9043 0.72 160.3 5.1 3.531096 69.23718 
40 31.79 4.882 0.96 203.2 6.46 4.68672 72.54985 
50 31.79 4.862 1.2 246.6 7.85 5.8344 74.32357 
60 31.79 4.84 1.44 290.7 9.24 6.9696 75.42857 
70 31.79 4.826 1.68 334.9 10.65 8.10768 76.12845 
80 31.79 4.807 1.92 380.7 12.11 9.22944 76.21338 
90 31.79 4.79 2.16 426.7 13.57 10.3464 76.24466 
100 31.79 4.77 2.4 473.4 15.06 11.448 76.01594 
Tables 6-1: +5V Design Efficiencies w/ Iload,max = 2.4 A 
 % Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) Efficiency (%) 
min 100 24 4.77 2.4 473.3 15.06 11.448 76.01594 
max 100 31.79 4.7896 2.4 620.9 14.89 11.49504 77.19973 
Table 6-2: Min/Max input voltage at full load for +5V regulator 
Line Regulation =   !"#"$$ "#%&  '(( "#%()*+  ,$"#)( -).%  x 100%  
= 
/.01&2.34
/  x 100% = 1.133% 
Load Regulation =   !"#"$$ -).%& !)5"$"$ -).% '(( -).%  x 100% 
= 
/.02/ &2.66
/.02/  x 100% = 5.451% 
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% Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) Efficiency (%) 
0 31.79 15.17 0 174.4 5.55 0 0 
10 31.79 15.168 0.015 15.168 5.86 0.22752 3.882594 
20 31.79 15.162 0.03 192.7 6.13 0.45486 7.420228 
30 31.79 15.157 0.045 200.9 6.39 0.682065 10.67394 
40 31.79 15.153 0.06 208.8 6.64 0.90918 13.69247 
50 31.79 15.149 0.075 216.6 6.89 1.136175 16.4902 
60 31.79 15.133 0.09 221.9 7.05 1.36197 19.31872 
70 31.79 15.137 0.105 230.7 7.34 1.589385 21.65375 
80 31.79 15.135 0.12 239.5 7.61 1.8162 23.86597 
90 31.79 15.133 0.135 247.8 7.88 2.042955 25.92582 
100 31.79 15.131 0.15 255.8 8.14 2.26965 27.88268 
Table 6.3: +15V Design Efficiencies w/ Iload, max = 0.15 A 
 % Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) Efficiency (%) 
min 100 24 15.184 0.15 255.8 8.14 2.26965 27.88268 
max 100 31.79 15.131 0.15 329.7 7.9 2.2776 28.83038 
Table 6-4: Min/Max input voltage at full load for +15V regulator 
 
Line Regulation =   !"#"$$ "#%&  '(( "#%()*+  ,$"#)( -).%  x 100%  
= 
/.32&/.7
/  x 100% = 0.353% 
Load Regulation =   !"#"$$ -).%& !)5"$"$ -).% '(( -).%  x 100% 
= 
/.6 &/.7
/.7  x 100% = 0.258% 
  
20 
 
 
% Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) Efficiency (%) 
0 15.91 -15.737 0 75.6 1.024 0 0 
10 15.91 -15.244 0.028 107.6 1.611 0.426832 26.4948 
20 15.91 -15.001 0.056 143.2 2.22 0.840056 37.8404 
30 15.91 -14.842 0.084 186.8 2.913 1.246728 42.7988 
40 15.91 -14.728 0.112 225.2 3.555 1.649536 46.4005 
50 15.91 -14.62 0.14 265.8 4.198 2.0468 48.7566 
60 15.91 -14.57 0.168 305.9 4.839 2.44776 50.584 
70 15.91 -14.513 0.196 345.6 5.485 2.844548 51.8605 
80 15.91 -14.331 0.224 403.2 6.4 3.210144 50.1585 
90 15.91 -14.22 0.252 446.5 6.89 3.58344 52.0093 
100 15.91 -14.197 0.28 486.7 7.41 3.97516 53.6459 
Table 6.5: -15V Design Efficiencies w/ Iload, max = 0.28 A 
 % Load Vin (V) Vload (V) Iload (A) Iin (mA) Pin (W) Pout (W) Efficiency (%) 
min 100 11.99 -14.077 0.28 688.3 7.85 3.94156 50.21096 
max 100 17.97 -14.144 0.28 412.5 7.28 3.96032 54.4 
Table 6-6: Min/Max input voltage at full load for -15V regulator 
 
Line Regulation =   !"#"$$ "#%&  '(( "#%()*+  ,$"#)( -).%  x 100%  
= 8 &2.066%& &2.22%&/ 8 x 100% = 0.447% 
Load Regulation =   !"#"$$ -).%& !)5"$"$ -).% '(( -).%  x 100% 
= 
  &/.676%& &2.46%
&2.46  x 100% = 10.847% 
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Graphs 
 
Figure 6-1: +5 Regulator Load Efficiency w/ Iload, max = 2.4 A 
 
 
Figure 6-2: +15 Regulator Load Efficiency w/ Iload, max = 0.15 A 
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Figure 6-3: -15 Regulator Load Efficiency w/ Iload, max = 0.28 A 
 
 
Figure 6-4: Regulator Load Efficiency Comparison w/ Iload, max  
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 Testing of each of the regulators reveals that all but one worked as desired. The 15V 
regulator unfortunately did not meet the tolerance levels required for IMU (5%%, ranging from 
141.197 V to 15.737V respectively from full load to no load. From Figure 6-4,  efficiencies 
of the  +15V and 15V are low. One reason for this is the low load current draw in comparison 
of a  high input power. One way to possible increase the efficiency would be to lower the input 
power. With higher current loads, the +15V and -15V regulator would have efficiencies as high 
as the +5V regulator, in the 70% range. 
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VIII. Conclusion and Recommendations 
 As shown previously mentioned, the -15V switching regulator did not meet the required 
tolerances as specified. Although the desired voltage output and tolerances were met in 
simulation, building a fully working regulator proved to be a challenging task. An approach to 
possibly fixing the regulator would have been to modify the resistor values to tweak the output 
voltage, and to do testing at certain points on the circuit to check waveforms for correct 
switching. As shown in the efficiency figures and tables in the previous section, the efficiencies 
for +15 and -15 were extremely low; this was due to the fact that the output current load is very 
small while the input power was considerably large. In comparison to the +5V regulator, which 
was close to 80% efficiency, the other two regulators would have reached such an efficiency if 
the load current draw was higher. One possible way to increase the efficiency of the regulators 
would be to possibly be to lower the power input. Another option for future projects, would be to 
use a more complex converter topology that is specifically designed to handle high input power 
and low output power with high efficiencies and as well as using surface-mount components that 
would decrease the size of the converters. 
Future work 
 As mention previously, actual integration and testing with the IMU was put on hold, due 
to the SADS to having electrical failures and malfunctions. Once functionality of the SADS is 
restored, we can return to integrating the IMU to the platform. Several ideas of possibly how to 
integrate the IMU power system onto the SADS are shown below in the Figure 8-1 and Figure 8-
2. Figure 8-1 shows a stacked configuration of the regulators which will later be connected to 
possibly a vertical panel that allows the input of banana cables or other wires for ease of 
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maintenance as the output cables. Figure 8-2 is basically a flat layout of the three regulators with 
the necessary wires to be connected to one another or to the cable to the IMU.  
 
Figure 8-1: Stacked Configuration of Regulators 
 
Figure 8-2: Flat Configuration of Regulators 
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Appendix A: Schematics 
 
Figure A-1: -+5V Output Schematic of Positive Buck Converter 
 
 
Figure A-2: +15V Schematic of Positive Buck Converter 
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Figure A-3: -15V Schematic of Positive-to-Negative Buck-Boost Converter 
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Appendix B: Bill of Materials 
Reference Value Description Mouser Part Number 
Price Per Unit 
(Dollars) 
Quantity 
Total 
(Dollars) 
R2 - 1 62 ohms 
 Metal Oxide Resistors 
62ohms 5% Tol 
  282-62-RC $0.19 1 $0.19  
D2/ D3 - 
1/2, D3/D4 - 
3 1N914 
 Diodes (General Purpose, 
Power, Switching)100V 
Io/150mA BULK 610-1N914 $0.05 6 $0.30  
D1 - 1/2 VS-MBR340 
Schottky (Diodes & 
Rectifiers) 3.0 Amp 40 Volt 844-MBR340 $0.29  2 $0.58  
R2 - 1 1.3 kohms 
Metal Oxide Resistors 
1.3Kohms 5% Tol 282-1.3K-RC $0.19  1 $0.19  
R2 - 2 350 ohms 
Metal Film Resistors - 
Through Hole 350ohms 1% 
50PPM 273-350-RC $0.10  1 $0.10  
R5 - 1/2 10 ohms 
Metal Film Resistors - 
Through Hole 3watts 10ohms 
1% 
71-
CPF310R000FKEE6 $0.79  2 $1.58  
R3 - 1/2 3.74 kohms 
Metal Film Resistors - 
Through Hole 3.74Kohms 
1% 50PPM 273-3.74K-RC  $0.10  2 $0.20  
R1 - 1/2, 
R2/R7 -3 470 ohms 
Metal Oxide Resistors RSS3 
470 5% 660-MOS3C471J $0.18  4 $0.72  
C2 - 1/2, C4 
- 3 3.3 uH 
Power Inductors 4.7A 
25mOhms 3.3uH 20% 710-7447462033 $1.05  3 $3.15  
L1 - 1/2/3 50 uH 
 Power Inductors Radial Hi 
Cur 50uH 70-IH-3-50 $5.37  3 $16.11  
C3 - 1/2 220 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
220uF 85c 12.5x20 5LS  647-UKL1H221KHD $0.80  2 $1.60  
C7 - 1/2, C5 
- 3 1000 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1000uF 85c 16x31.5 7.5LS 647-UKL1H102KHD $1.76  3 $5.28  
C5 - 1/2, C3 
-3 1 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1uF 5x11 10% 2LS 
647-
UKL1H010KDDANA $0.15  3 $0.45  
C6 - 1/2 2.2 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
2.2uF 
647-
UKL1H2R2KDDANA $0.22  2 $0.44  
C4 - 1/2, C1 
-3 100 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
100uF 85c 10x16 5LS 647-UKL1H101KPD $0.56  3 $1.68  
C2 - 1/2, C4 
-3 3.3 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
3.3uF 85c 
647-
UKL1H3R3KDDANA $0.23  3 $0.69  
DIP24-1A72-
12D 
Reed Relay 1 Form A, SPST-
NO 12V DIP w/Diode  876-DIP24-1A72-12D  $3.70  2 $7.40  
R4 - 3 56 ohms 
Metal Oxide Resistors 
56ohms 5% Tol 283-56-RC $0.39  1 $0.39  
R4 - 3 910 ohms 
Metal Oxide Resistors 
910ohms 5% Tol 283-910-RC  $0.39  1 $0.39  
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C2 -3 2.0 uF 
 Aluminum Electrolytic 
Capacitors - Leaded 50V 2.0 
uF 75-TVA1301-E3 $2.50  1 $2.50  
R5 - 3 10 kohms 
Metal Oxide Resistors RSS1 
10K 5%TR 
660-
MOS1CT52R103J $0.12  1 $0.12  
R3 - 3 5 kohms 
Metal Film Resistors - 
Through Hole 3/4watt 
5Kohms 1% 100ppm 
71-
CMF655K0000FKEB $0.70  1 $0.70  
R6 -3 47 ohm 
 Metal Oxide Resistors 2W 
47 5% 660-MO2CT631R470J $0.14  1 $0.14  
R5 -3 680 ohms 
Metal Oxide Resistors 
680ohms 5% Tol 283-680-RC $0.39  1 $0.39  
D2 - 3 1N4001RLG  Rectifiers 50V 1A Standard 863-1N4001RLG  $0.26  1 $0.26  
R4 - 1/2 51 ohms 
Metal Oxide Resistors 
51ohms 5% Tol 286-51-RC $0.52  2 $1.04  
Proto-board 
Radio Shack EXP300 PC 
Board  276-170 $2.99  3 $8.97  
Vin, SW, 
FB, Vc, 
GND LT1170HV 
Linear Technology Switching 
Regulator (Vin = 3V-60V)  LT1170HV $7.08  2 $14.16  
Vin, SW, 
FB, Vc, 
GND LT1172 
Linear Technology Switching 
Regulator (Vin = 3V-60V) LT1170HV $9.17 1 $9.17 
(25/32)" 
Standoffs 
Radio Shack Metal (25/32)" 
(20 MM) PC Board Standoffs 
(4-Pack) 276-195 $1.99  3 $5.97  
Total $84.86 
Table B-1: Total Bill of Materials for all Three Switching Regulators 
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Table B-2: Bill of Materials for +5V Output Switching Regulator 
Reference Value Description Mouser Part Number 
Price Per Unit 
(Dollars) 
Quantity 
Total 
(Dollars) 
R2  62 ohms 
 Metal Oxide Resistors 
62ohms 5% Tol 
  282-62-RC $0.19 1 $0.19  
D2/ D3  1N914 
 Diodes (General Purpose, 
Power, Switching)100V 
Io/150mA BULK 610-1N914 $0.05 2 $0.10  
D1  VS-MBR340 
Schottky (Diodes & 
Rectifiers) 3.0 Amp 40 Volt 844-MBR340 $0.29  1 $0.29  
R2  1.3 kohms 
Metal Oxide Resistors 
1.3Kohms 5% Tol 282-1.3K-RC $0.19  1 $0.19  
R5  10 ohms 
Metal Film Resistors - 
Through Hole 3watts 10ohms 
1% 
71-
CPF310R000FKEE6 $0.79  1 $0.79 
R3  3.74 kohms 
Metal Film Resistors - 
Through Hole 3.74Kohms 
1% 50PPM 273-3.74K-RC  $0.10  1 $0.10  
R1  470 ohms 
Metal Oxide Resistors RSS3 
470 5% 660-MOS3C471J $0.18  1 $0.18  
C2  3.3 uH 
Power Inductors 4.7A 
25mOhms 3.3uH 20% 710-7447462033 $1.05  1 $1.05  
L1  50 uH 
 Power Inductors Radial Hi 
Cur 50uH 70-IH-3-50 $5.37  1 $5.37  
C3  220 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
220uF 85c 12.5x20 5LS  647-UKL1H221KHD $0.80  1 $0.80  
C7  1000 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1000uF 85c 16x31.5 7.5LS 647-UKL1H102KHD $1.76  1 $1.76  
C5  1 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1uF 5x11 10% 2LS 
647-
UKL1H010KDDANA $0.15  1 $0.15  
C6  2.2 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
2.2uF 
647-
UKL1H2R2KDDANA $0.22  1 $0.22  
C4  100 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
100uF 85c 10x16 5LS 647-UKL1H101KPD $0.56  1 $0.56  
C2  3.3 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
3.3uF 85c 
647-
UKL1H3R3KDDANA $0.23  1 $0.23  
R4  51 ohms 
Metal Oxide Resistors 
51ohms 5% Tol 286-51-RC $0.52  1 $0.52  
Proto-board 
Radio Shack EXP300 PC 
Board  276-170 $2.99  1 $2.99  
Vin, SW, 
FB, Vc, 
GND LT1170HV 
Linear Technology Switching 
Regulator (Vin = 3V-60V)  LT1170HV $7.08  1 $7.08  
(25/32)" 
Standoffs 
Radio Shack Metal (25/32)" 
(20 MM) PC Board Standoffs 
(4-Pack) 276-195 $1.99  1 $1.99  
Total $24.56 
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Table B-3: Bill of Materials for +15V Output Switching Regulator 
Reference Value Description Mouser Part Number 
Price Per Unit 
(Dollars) 
Quantity 
Total 
(Dollars) 
D2/ D3  1N914 
 Diodes (General Purpose, 
Power, Switching)100V 
Io/150mA BULK 610-1N914 $0.05 2 $0.10  
D1  VS-MBR340 
Schottky (Diodes & 
Rectifiers) 3.0 Amp 40 Volt 844-MBR340 $0.29  1 $0.29  
R2 350 ohms 
Metal Film Resistors - 
Through Hole 350ohms 1% 
50PPM 273-350-RC $0.10  1 $0.10  
R5  10 ohms 
Metal Film Resistors - 
Through Hole 3watts 10ohms 
1% 
71-
CPF310R000FKEE6 $0.79  1 $0.79 
R3  3.74 kohms 
Metal Film Resistors - 
Through Hole 3.74Kohms 
1% 50PPM 273-3.74K-RC  $0.10  1 $0.10  
R1  470 ohms 
Metal Oxide Resistors RSS3 
470 5% 660-MOS3C471J $0.18  1 $0.18  
C2  3.3 uH 
Power Inductors 4.7A 
25mOhms 3.3uH 20% 710-7447462033 $1.05  1 $1.05  
L1  50 uH 
 Power Inductors Radial Hi 
Cur 50uH 70-IH-3-50 $5.37  1 $5.37  
C3  220 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
220uF 85c 12.5x20 5LS  647-UKL1H221KHD $0.80  1 $0.80  
C7  1000 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1000uF 85c 16x31.5 7.5LS 647-UKL1H102KHD $1.76  1 $1.76  
C5  1 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1uF 5x11 10% 2LS 
647-
UKL1H010KDDANA $0.15  1 $0.15  
C6  2.2 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
2.2uF 
647-
UKL1H2R2KDDANA $0.22  1 $0.22  
C4  100 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
100uF 85c 10x16 5LS 647-UKL1H101KPD $0.56  1 $0.56  
C2  3.3 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
3.3uF 85c 
647-
UKL1H3R3KDDANA $0.23  1 $0.23  
R4  51 ohms 
Metal Oxide Resistors 
51ohms 5% Tol 286-51-RC $0.52  1 $0.52  
DIP24-1A72-
12D 
Reed Relay 1 Form A, SPST-
NO 12V DIP w/Diode  876-DIP24-1A72-12D  $3.70  1 $3.70  
Proto-board 
Radio Shack EXP300 PC 
Board  276-170 $2.99  1 $2.99  
Vin, SW, 
FB, Vc, 
GND LT1170HV 
Linear Technology Switching 
Regulator (Vin = 3V-60V)  LT1170HV $7.08  1 $7.08  
(25/32)" 
Standoffs 
Radio Shack Metal (25/32)" 
(20 MM) PC Board Standoffs 
(4-Pack) 276-195 $1.99  1 $1.99  
Total $27.98 
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Reference Value Description Mouser Part Number 
Price Per Unit 
(Dollars) 
Quantity 
Total 
(Dollars) 
D2/ D3 1N914 
 Diodes (General Purpose, 
Power, Switching)100V 
Io/150mA BULK 610-1N914 $0.05 2 $0.10  
R2/R7  470 ohms 
Metal Oxide Resistors RSS3 
470 5% 660-MOS3C471J $0.18  2 $0.36  
C4 3.3 uH 
Power Inductors 4.7A 
25mOhms 3.3uH 20% 710-7447462033 $1.05  1 $1.05  
L1 50 uH 
 Power Inductors Radial Hi 
Cur 50uH 70-IH-3-50 $5.37  1 $5.37  
C5  1000 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1000uF 85c 16x31.5 7.5LS 647-UKL1H102KHD $1.76  1 $1.76  
C3 1 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
1uF 5x11 10% 2LS 
647-
UKL1H010KDDANA $0.15  1 $0.15  
C1 100 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
100uF 85c 10x16 5LS 647-UKL1H101KPD $0.56  1 $0.56  
C4  3.3 uF 
Aluminum Electrolytic 
Capacitors - Leaded 50volts 
3.3uF 85c 
647-
UKL1H3R3KDDANA $0.23  1 $0.23  
DIP24-1A72-
12D 
Reed Relay 1 Form A, SPST-
NO 12V DIP w/Diode  876-DIP24-1A72-12D  $3.70  1 $3.70  
R4  56 ohms 
Metal Oxide Resistors 
56ohms 5% Tol 283-56-RC $0.39  1 $0.39  
R4  910 ohms 
Metal Oxide Resistors 
910ohms 5% Tol 283-910-RC  $0.39  1 $0.39  
C2  2.0 uF 
 Aluminum Electrolytic 
Capacitors - Leaded 50V 2.0 
uF 75-TVA1301-E3 $2.50  1 $2.50  
R5  10 kohms 
Metal Oxide Resistors RSS1 
10K 5%TR 
660-
MOS1CT52R103J $0.12  1 $0.12  
R3  5 kohms 
Metal Film Resistors - 
Through Hole 3/4watt 
5Kohms 1% 100ppm 
71-
CMF655K0000FKEB $0.70  1 $0.70  
R6  47 ohm 
 Metal Oxide Resistors 2W 
47 5% 660-MO2CT631R470J $0.14  1 $0.14  
R5  680 ohms 
Metal Oxide Resistors 
680ohms 5% Tol 283-680-RC $0.39  1 $0.39  
D2  1N4001RLG  Rectifiers 50V 1A Standard 863-1N4001RLG  $0.26  1 $0.26  
Proto-board 
Radio Shack EXP300 PC 
Board  276-170 $2.99  1 $2.99  
Vin, SW, 
FB, Vc, 
GND LT1172 
Linear Technology Switching 
Regulator (Vin = 3V-60V) LT1170HV $9.17 1 $9.17 
(25/32)" 
Standoffs 
Radio Shack Metal (25/32)" 
(20 MM) PC Board Standoffs 
(4-Pack) 276-195 $1.99  1 $1.99  
Total $32.32 
Table B-4: Bill of Materials for -15V Output Switching Regulator 
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Appendix C: Schedule and Time Estimate  
 
Figure C-1: Projected Project Gantt Chart 
 
 
Figure C-2: Actual Project Gantt Chart 
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Appendix D: Analysis of  Senior Project Design 
Summary of Functional Requirements 
Three switching regulator circuits were designed and constructed. Each regulator allows a 
varying range of input voltages which are step-down to output regulated output voltages (+5V, 
+15V, -15V) . 
 
Primary Constraints 
The maintenance of the SADS presented a significant limitation to the implementation of the 
IMU, in both areas of data acquisition and power system design. Due to electrical failures on the 
SADS, the maintenance to get the SADS functional was a primary focus that held back the 
integration and testing of the IMU. The selection of the regulating chip placed a temporary hold 
on the design and construction of the regulators. Looking through various, manufacturers, 
several chips were selected for the use in this project, but the choice ultimately came down to the 
complexity of required external components and the type of surface mount soldering required for 
the chip. Majority of the chips selected required the use of an advance method of soldering that I 
had no experience in, which presented concerns to its construction due to limited experience and 
equipment. It was suggested by my advisor, Taufik, to keep the regulators simple, and who 
introduced the LT1170 chipset family. The only concern of the LT1170 was that it was a 
through-hole chip, which placed limitations of the size of the complete circuit.  
 
Economic 
The original estimate of project was projected to be less than $100, but due to the nature and 
necessity to purchase spare components and shipping costs, the actual total cost of the complete 
project was around $250. The actual cost of the construction of three regulator circuits was 
$84.86. There were no equipment costs in this project, as it was provided through the school labs. 
The estimated development time for this project was 50 days, but in the end due to the 
constraints of the SADS and general confusion in the direction required for the project, actual 
development time expanded to about 130 days. 
  
If manufactured on a commercial basis 
Since this project is specifically designed to meet the requirement of the IMU and the SADS, it is 
unlikely that it will be manufactured on a commercial basis.  
 
Environmental 
There are no significant environmental impacts on the manufacturing or use of this project. The 
only possible environmental concerns would be the disposal of its components, which like most 
electronic components can cause toxic waste if not properly disposed. 
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Manufacturability 
There was no significant issues with the manufacturing for this project. The only major challenge 
was the initial layout and placement of the components. 
 
Sustainability 
There are no major issues or challenges with maintaining system, but it can be a concern if the 
system is not properly installed or dismantled. This may cause electrical failures, which may 
damage components. Since the switching regulators are meant to be more efficient than linear 
regulators, the life of the batteries should increase, which will result in less recharging. The next 
direction in this project is to replace the current power system with surface mount components, 
and use of etched PCB, in order to decrease its size. This direction may require a more complex 
design and construction, and as well as costs. 
 
Ethical 
The overall use of the IMU in the SADS should not present any ethical issues, but it is possible 
like all technology for it to be used in the design of a weapon. 
 
Health and Safety 
The long term goal of my project allows the implementation of greater accuracy in 
measurements of angles and angular velocities in spacecraft simulation. With greater simulation 
accuracies, it allows future tests and products to be closer in its simulations and therefore create a 
higher sense of the product's  limitations. This will allow for precautions in safely in both during 
simulation and the final product. 
 
With any engineering project, health and safety are important concerns. Careful use of the 
soldering iron was taken in precaution along with the use of needle nose types of tools. 
 
Once the integration is complete, the system should not pose a safety threat to the user. A chassis 
enclosure will help protect the equipment from mishaps and as well as the user or bystanders. 
 
Social and Political 
The overall use of the IMU in the SADS is an example of a simulator that will reduce costs of 
design and production of spacecrafts. This would impact the engineering disciplines that work 
with spacecraft developments, which would also increase safety to the general public due to 
increase knowledge from  simulations.   
 
Development 
The development of this project did not introduce any new tools that wasn't already presented 
before at the Cal Poly State University.  
